Mean values of observatory geomagnetic data for the intervals 1960.0 to 1965.0 and 1965.0 to 1970.0 are subjected to spherical harmonic analysis to obtain coefficients of the main magnetic field. Since the same set of 118 observatories was used for each interval, the difference between the two sets of coefficients gives a reliable measure of secular change. Westward drift and movements of the centred and eccentric dipole are discussed, and the value of secular acceleration as an aid to prediction is assessed. The correlation between changes in westward drift and in the length of the day is re-examined and found to be of doubtful significance.
Introduction
A knowledge of the secular variation of the main geomagnetic field is of importance, not only for the up-dafiing of navigation charts, but also because of the clue it gives concerning the dynamics of the Earth's core. Although there is sufficient persistence in the pattern of secular variation to permit linear extrapolation over a few years, it is not possible to predict changes in the pattern. Thus it is necessary to examine data as they become available, to monitor the secular variation and its changes. The most reliable measures of secular variation come from observatory annual mean values of the geomagnetic elements.
In this study (which supplements an earlier one by Malin (1969) for the interval 1942.5 to 1962.5; hereinafter denoted I), observatory means obtained between 1960.0 and 1970.0 have been subjected to spherical harmonic analysis to obtain main field coefficients for the epochs 1962.5 and 1967.5, and secular variation coefficients for the interval between these two epochs.
Data and analysis
The observatory annual mean3 have been collected and edited by Mrs M. P. Fisher of the Institute of Geological Sciences, and have been reduced and analysed as described in I It was not possible to use the same set of observatories as was used in I since several of the stations had closed down, so a new set of observatories was selected, including all those for which sufficient data were available to adequately define the magnetic elements at the two epochs. The positions of these observatories are shown in Fig. 1 , and the mean values of their magnetic elements, X , Y and Z , are given in Table 1 (corresponding to Figs 1 and 2 and Table 1 of I). The observatory mnemonic codes given in the first column of Table 1 are from IAGA Bulletin 20 (Fanselau 1965) . Although there are more observatories in the present set (118) than were used in I, the distribution is not greatly improved, as there is still a dearth of data from the Southern Hemisphere. The larger number is mainly the result of the less stringent criterion for inclusion (10 years of operation instead of 20) rather than any marked increase in the number of stations operating. 59 57  59 21  57 3  56 44  56 28  55 51  55 28  55 19  54 37  54 36  54 30  53 50  53 45  52 49  52 10  52 7  52 4  51 56  51 0  50 43  53 18  50 6  49 59  49 54  48 31  48 16  48 10  48 1  47 52  47 38  47 29  46 57  46 54  46 47  44 41  44 38  43 54   Longitude   E   297' 30'  58 30  104 17  240 36  265 6  19 12  129 0  203 15  18 57  33 5  26 38  190 10  212 10  264 0  338 18  152 19  9 7  129 43  24 39  358 49  30 42  17 50  224 40  61 4  84 56  12 27  37 19  356 48  246 40  18 49  27 53  357 32  9 4  6 4 0  104 27  21 15  12 40  349 45  355 31  30 18  5 41  4 36  14 32  23 45  236 35  16 19  11 17  2 16  18 11  16 43  8 26  142 43  17 54  30 53  26 15  20 46  144 12   X  nT  720  4947  3 109  983  97  9219  7232  8632  11218  11460  11751  13538  11219  3993  10976  16426  13946  14044  15014  14385  14949  15302  13756  15540  15624  16799  16989  16553  11916  17435  17708  17271  17746  18103  19464  18289  18525  17880  18502  19242  19291  19354  19569  19865  17336  20535  20467  20252  20750  20827  20782 Z  nT  55379  56960  58733  57951  58109  52270  59529  56387  51034  51066  50121  53562  55335  60409  49453  54305  41792  58426  48518  47339  48555  47489  54894  52183  57313  45813  48294  45398  58730  45643  46387  44716  44749  44234  57340  45072  44112  44246  43519  45207  43253  43004 As in I, the geomagnetic potential was assumed to satisfy Laplace's equation, to be of purely internal origin, and to have negligible harmonic content above order and degree 6. Each observed element at each observatory gave an equation of condition in the 48 spherical harmonic coefficients g,,'", h,," making a total of 354 equations for each epoch. From these equations values of g,,"' and h,,"' were derived by the method of least squares. Standard deviations of the spherical harmonic coefficients were deduced from the sum of the squares of the residuals from the initial data, and the weights of the unknowns as indicated by the leading diagonal of the inverse of the normal equations matrix.
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Secular variation
Charts of mean secular variation of X , Y and 2 for the interval 1962.5 to 1967.5 deduced from the coefficients of Table 2 The main features of the 8 chart are the deep foci in the Atlantic Ocean, positive in the North and negative in the South. Since the mean epoch of I (1952.5), the northern focus has become more intense and the southern one shallower, so that they are now about equal. Both foci have moved to the West by about 4 or 5 degrees. The most marked change is the decrease in amplitude of the Antarctic focus (-100 nT yr-', 80" S, 99" E in I) by nearly 30 nT yr-'. There are enough observatories in this region with data of a sufficient quality to suggest that the majority of this change is real. For the remainder of the world (most notably Asia and the Pacific) the gradient and amplitude of 8 is small.
The main changes in Yare a decrease in amplitude of the Indian Ocean focus by about 25 nT yr-' and the virtual disappearance of the positive Antarctic focus. Both of these foci are remote from observatories, so the changes may not be significant.
The two better observed foci, over South America and along the Greenwich meridian, have both deepened slightly. The gradients and amplitudes over Asia and the Pacific were small in 1952.5, and have become still smaller. The dominant feature of Z is an intense negative focus in the Atlantic which, as predicted in I, has deepened and moved to the North West since 1952.5. Also as predicted, the negative focus in the Indian Ocean has become much less intense, but its position has not changed much.
To summarize, a feature common to all three elements is the small, uniform secular change over Asia and the Pacific. This effect is related to motions within (or at the surface of) the Earth's core, but it is interesting to note that it is associated with the largest land mass and ocean area. All three elements also show negative foci over the South Indian Ocean which have decreased in amplitude since 1952.5. It is not clear at present if this is a real effect, or merely the result of poor control of the model in that area due to lack of data.
Secular acceleration
It was found in I that the temporal changes in secular variation were sufficiently steady to justify an estimate of the second time derivative of the magnetic field (secular acceleration). However, it was far from certain that the secular acceleration would be of any use for predicting changes in secular variation outside the interval of the data used in its derivation.
The present set of secular variation data (one fifth of the difference between the 1962.5 and 1967.5 values in Table 1 ) may be used to test the validity of secular acceleration by comparing the accuracy with which they are reproduced by (i) the mean secular variation of I, (ii) the secular variation of I extrapolated to epoch 1965 using the secular acceleration of I. The full secular acceleration model consists of 48 spherical harmonic coefficients (up to m = n = 6), and it is possible that the higher harmonics are spurious. To test this, the extrapolation referred to above was carried out with the secular acceleration model truncated at rn = n = 1,2, . . .6.
The mean square residuals from the various models are given in Table 3 , and show that the smallest residuals are obtained for all elements when the full secular acceleration model is applied. This produces a reduction by a factor of about two in the mean square residuals over the case where no secular acceleration is applied. In general, the fit improves as the number of secular acceleration coefficients is increased, but there are exceptions. For example, the third order coefficients markedly improve the fit to X , but worsen the fit to Y and 2, so that there is an overall decrease in accuracy from second order. For this reason it is suggested that, if a secular acceleration model of less than sixth order is required, the truncation should be made after n = m = 2; this leaves 8 secular acceleration coefficients which give very good value in reducing the mean square residual by 45 per cent. It should be noted that the above results are for an extrapolation of only a few years. It will be interesting to repeat the experiment when more data have been observed, to see how well the secular acceleration model can predict changes over a longer interval. The present results are particularly relevant to the problem of chart production in which it is necessary to produce a secular variation chart for an epoch a few years after the most recently available observatory data. They confirm the validity of the common practice of using a linear extrapolation of recent secular variation trends.
Centred and eccentric dipoles
Most of the main field can be represented by the first three spherical harmonic coefficients which are equivalent to a magnetic dipole at the centre of the Earth. The dipole moment, M, is given by M = R3{(g10)' + (g1')2 + (h1')'}*.
In I it was found that the dipole moment (measured by M R -3 ) was decreasing and, more interestingly, that the rate of decrease was getting larger. The results were discussed more fully by Leaton & Malin (1967) . The present results show that the trend is continuing, and the mean rate of decrease for the interval 1962.5 to 1967.5 is (22k4) nT yr-' compared with 11 nT yr-' for the interval 1942.5 to 1962.5. The 4 estimates in I and the present estimate of the rate of change of dipole moment depart systematically from their weighted mean value by more than can be accounted for by uncertainty in the estimates, indicating that the change in the rate of decrease is significant. If we assume a steady change in the rate of decrease, we obtain the following equation for the annual change of dipole moment
AMR-3 = -(12-87rt0~84)-(0~73+0~14)(T-l955)nTyr-'
where T denotes the epoch in years. This fits the five estimates within 2-2 standard deviations and, from similar considerations to those in the previous section, might be expected to extrapolate reasonably well for at least a few years. The equation predicts that, if present trends continue, the field will reverse in the year (2230+28)AD! However, such an extrapolation from only 30 years of data is, at best, wildly speculative .
The direction of the dipole axis remains steady in latitude and continues to drift westward at about 0.08 deg yr-'. A better approximation to the main field is obtained by moving the dipole from the geometrical to the magnetic centre of the Earth. The position of the magnetic centre is deduced from the first eight spherical harmonic coefficients (see Chapman & Bartels, 1940, p. 651) . Spherical polar co-ordinates of the magnetic centre and their rates of change are given in Table 4 , together with the corresponding rates of change from I; the most notable features are the constancy of the rate of change of ro and the decrease in the westward drift (-A&) of the eccentric dipole. This latter feature is discussed in the next section.
Westward drift
A large proportion of the secular variation can be accounted for by a steady westward rotation of the main magnetic field by a fraction of a degree per year. A better approximation to the observed secular change is obtained by allowing the field of the centred dipole to rotate at a different rate from the remaining (non-dipole) part of the main field, and Bullard et al. (1950) have given a physical reason for such a difference in the rates of rotation. They suggest that the non-dipole drift represents the rotation of the outer part of the core relative to the Earth's surface, and the dipole drift represents the rotation of deeper regions of the core. If core material moves by convention, it is necessary that the outer part shouId rotate more slowly to conserve angular momentum. Accordingly, we might expect all the harmonic components of the non-dipole field to show higher rates of westward drift than the centred dipole (0.089 rt 0.007 deg yr-I), but there are several exceptions, including a few harmonics that drift eastwards, Hide (1966) has shown that the westward drift does not necessarily imply a westward motion of the core material, but could equally well be explained by a westward propagation of the magnetic mode of free hydromagnetic oscillations of the core. Hide's theory predicts that the drift rates, &m, of individual spherical harmonics should have the ratios shown in Table 5 . The observed ratios, calculated from the data of I combined with the present data, are also given in Table 5 . Clearly there is very little correlation between theory and observation. However, as Hide (1966) points out, we have compared the observed properties of a very complex phenomenon with those predicted by a highly simplified theoretical model '. Similar remarks apply to the results of the preceding paragraph.
If the westward drift were not a reflection of physical movements of the core, we would not expect its changes to correlate with observed changes in the length of the day, but Vestine & Kahle (1968) appear to have found such a correlation. Moreover, it would be necessary to find a mechanism other than transfer of angular momentum between the core and the mantle to explain the changes in the length of the day. Vestine & Kahle (1958) superimposed graphs of (A) the westward drift required to account for the observed changes in length of day on the assumption that such changes resulted from transfer of angular momentum between the mantle and the outer 200-km layer of the core, and (B) the observed westward drift of the eccentric dipole. They found 'rather good' agreement between (A) and (B). However, it should be noted that their (B) curve was based on interpolation between very few spherical harmonic models (only 3 between 1885 and 1945), and an attempt to revise this curve using the more comprehensive collection of models that is now available (Barraclough 1973) shows that the scatter between models is too great to reveal any significant changes in westward drift before 1940. To determine such changes it will be necessary to re-analyse the observed data by a method specifically designed for that purpose. Curve (A) has also been re-examined in the light of more recent estimates of the length of the day (Morrison 1973) . These confirm the general features of (A), but remove the 1955 discontinuity due to the change from ephemeris time to atomic time. It should be noted that the ordinate of curve (A) may be arbitrarily chosen, as the mean rate of westward drift is not related to the length of day. Also, there is considerable freedom for adjustment of the scale of curve (A), by considering a surface layer of the core of different thickness from 200 km. Revised curves based on the data of Morrison (1973) for the length of day, and magnetic data from I and the present paper, are shown in Fig. 5 . Although both curves show the same general trend, there is little other similarity and it must be concluded that the correlation between length of day and westward drift is not yet established.
Conclusions
This paper supplements I and shows that there have been no drastic changes in the pattern of secular variation since the epoch of I. However, such changes have been suspected in the past and may occur in the future, so it is important that the secular change should continue to be monitored. The dipole moment continues to decrease at an increasing rate. It has been shown that secular acceleration is meaningful, and provides a useful means of extrapolating secular change, at least over a short interval.
Although westward drift is well established, it is extremely complex and its interpretation in physical terms is far from satisfactory. There is considerable room for improvement of both theoretical and observational aspects of the phenomenon.
